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7. ABSTRACT

The behaviour of cracks ioaded by 1mpact generated stress
pulses 15 1nvestigated. Depending on the 1mpact arrangement
tenzi1on or shear loading at extremely high rates ot the
stress intensity factor can be realized.

4ith specimens ot a high =ztrength steel a steep 1ncrease
ot the tensile fracture toughness has been observed with
times-to-tracture decreasing to about %us. Thiz nas been
measured with an 1mproved shadow optical techniaue 1n re-
tlection. The asszumption of an 1ncubation time 13 used to
explain this behaviour. JE&S )&=

H riovel 1mpact geometry 1% introduced tor loading cracks
under shear by pressure waves 1n combination with 1nertial
torces. Interesting shear phenomena were found: adiabatic
shear bands or dynamic shear cracks are generated at the
crack tip . For their production temperaturez 1n the mel-
ting range must be generated by a wvery high lateral strain
gradient and remaln concentrated to a small volume whigch
moves with the compression field. To maintain thiz either &
low heat conduction cr 3 wery rapid increaze of the <om-
pression field 15 required. This explains that a threshold
tn the comprezsion Li.e. 1n 1mpact elocity) must be excee-
ded.

Terz1le Ipading of a crack up to +*105 MPaNm- e rnas been
achieved by a superposition ot shear waves generated at the
specimen boundar:es by a gpas3sing compression puize. lhis
particular succession of compression and tension 1s the
reason for a tast rising tenzile losd:ing at one 2f the “wo
crack tips._
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1. INTRODUCTION

In a previous research project "Fracture Sehawviour Under
Impact (11" the physical behawviour of crackz wunder 1mpact
loading has been 1nwvsstigated: Specimens= with z21in3le edge
cracks or arrays of multiple cracks were loadeg by time de-
pendert tensile ztress pulses mowving percendiculer o the
crack direction. The pulses were produced by i1mpinging pro-
jectiles. Two kinds of =xperimentz were perrorced: Firstly,
the projectile hits a base plate which 1 turn loads a spe-
cimen with crack 1n tensicn. Secondlw, -~he =pecimen 13 di-
rectly 1mpacted by the projectile. Atter the passage of a
compressive stress pulse through specimern ard impactor
stresses are puilt up by retlected relief waves which load
the crack 1n -ensian. >Speclmens made trom & “ransparent mo-
del materi1ai and a high strength steel were 1nvestigated.
The shadow optical method 3¢ cauztics 1n combination with
fiigh speed photography was wuzed to measure the dynamic
stress 1ntengity ractor ¥, at the ti1p ot ~he crack =z35 *func-
t1on cf time. The stress 1ntensity factor at onset of rapaig
crack propagation, 1.=2. the dynamic tracture foujhrness vy 4 ,
was determined and discussed 1n relation with the loading
history and the time o trecture.

The technical backgrounc, the sxperimental set-up. the mea-
suring proceaures, and the resuilts ot these invest:gations
hawe been described 1n deta:. 1n the final report ot the
first contract L1]. The main tindirmgs ot this presious  re-
search work are summarized here. 3i1nce they represent the
basiz for thiz follow-on research, "Fracturese Betavizur  Un-
der Impact ("

(1) Whern testing =1ngle-edge cracked specimens made rrom
the model materi1al ~raldite B under both, base plate and
direct 1mpact loading conociticns timesz-to-tracture Gown "0
& ps have been achieved. Up to this loading rate the obser-
ved 1mpact fracture toughnezs ¥4 di1d not show a depenaence
on loading rate. These results. howewver, are 1n corntradic-
tion to data obtained ovw Ravi-_handar and Hrausz 2] uho
reported a very strong i1ncrease ot the 1mpact tracture
toughness ¥ g for ancther model material. Homali-e 100, for
times-to~fracture below 20 ps.

{2} Experiments with specimers made trom 3 high =trength
Ni-maraging steel (German designation XZ NiCoMoc 18 9 53,
nowesver, resulted 1n a strong dependerce of K;4 from locading
rate for short times-to-fracture. wWith regard tc the static
fracture toughness K| these data ftirst show an unexpected
reduction 1n toughness ftor times-to-fracture 1n the range
of 1% e to 10 po, wut an unevpecicd .2r, rapid 1rncrease 1 f
the time-to-fracture 15 decreased further down to 6 ps. The




dynamic toughness then becomes even larger tharn the static
one. The obserwed =xperimenta. tindirgs nave been ewplalined
on the basis of a novwel 1nstability criterion which 1 ba-
zed on the assumption 2¢f an incubation t1ime tOor a crace to
start propagating. This 1ncubation time 1s beliewved to be a
material dependent propert:.

(33 To study the dynamic i1nteraction of muitiple crack ron-
figuraticons under 1mpact :ocading conditicns, two parallel
cracks of distance h 1n Araldite B specimens were loaded
oy a tensile stresz pulsze generated 1n 'he tase plate rteszt
arrangement. Shadow optics and =hort time cinematography
revealed & rather complex time gepenrndent =ztress 1rntensity
factor history. For early times much larger asymmetric mode
[ tin-plane zhesar: contributions are prewalilng 1n the iJ-
cal crack tip fislds than under equivalent static condi-
tions, and a periodic =2xchange 3t the Crack tip straln
energy from one crack to the other takes place. UOnly ftor

long times afte2r 1mpact +he oversil zituaticn becomes siml-—
lar to the one under static loading conditions

v4y Tests on impact loaded specimen: wi1th cracks of dit:e-
rent lengths did not: show an 1ntluence ot crack length on
ztress 1ntensityw history when =arl tirmes stter 1mpact Jers=

considered. Unly at later times tor the same loascing pulse
the larger crccks exhibited larqger =stresz intensity tactors
than the shorter ones a: one would expect trom static con-
s1derationz. Ubwicusziy, 1n the r=gime ot =mall ratiocs ot
"time" to "crack length”, besides the load amplitude 1t
the parameter time' and not the 'rsce (ength” whick con-
trols the tracture behawiour.

Within the tollow-on project "Fracture detawviour Jnder I
pact [1" the described research work should be continued 1n
order to supplement the =2arjiier resuits and to add research
on the newly detected phenomenon o: dynamic shear fracture
under high rate locading. In detai1l, the rolicwing research
tasks were detfined:

TASK 1: Pertormance aor additional rmpact 1oading  experi-
ments on the high strength zteel and postewvaluation of all
results to zubstantiate the obssrued 1ncrease 1 fracture
toughness with decreasing loading time ftor this material.
Impact testing of the mater:ial AHomalite .00 1n order tc
analyze the discrepancy of the Araldite B results with the
results of Ravi-Lhandar and knaus=z t21].

TASK 2: Inwvestigation of the mechanical and material rondi-
tions 1n impact shear tezts and determination ot ‘he shear
strezs 1ntensity factor K, 1n Araldite B and the high
strength steel specimen.




TASK 3: Inwvestigation uf the phenomenon of "crack propaga-
tion in an 1mpacted specimen during the compression phase’.
This method may advance to a technique for reduced time-to-
fracture experiments.

TASK 4: Improvement of the sccuracy of the shadow optical
technique applied in reflection at high rate 1mpact condi-
tions.

TASK 5: Additional experiments tcoc wve 1fy the 1ndependence
of the stress intensity factor from crack length for early
times after 1mpact.

Ouring the execution of the research program "Fracture Be-
haviour Urder Impact (111" the following changes were made:

Since 1t was not possible to make available 1n time test
pieces of the same batch of Homalite 100 or test pieces of
Ravi-Chandar and Kriauss (21 twhich are sti1l]l under ewvalua-
tion at CALTECH) the 1nwestigations on thi1s material had to
be abandoned.

hu currenc:, exchange rate problems minor parts of ' he

Due to : hang at bl p ¥ th

program had to be shortened, especially 1n order not to re-
uce more 1nteresting parts too much, mork an ask % was

duce m t t 1 F te t h b Task ©

not carraied out.
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2. WORKk 0OM FESEARCH TaSk L:
DEPENDENCE 2F MPACT FRACTURE (OUGHNESS SM LoRDING =aTE

With the 1mprouveds shadow optical arrangement Ltsee Tasi 4
experiments on 18 M1 maraging high =ztrengtn zteel specimens
have been performed under direct 1mpact loading to mweasure
the 1mpact fracture toughness at :ncreaszed i1mpact velo-
cities., These experiments were aimed to generate additional
data points 1n order +to wverity the steep INcrease n the
fracture toughness observed tor loading rates which exceed
3 certain limit (zee {11, zect. .21,

Fiue experiments (% B62 to # 8661 have beernn performed in
the [WM gas gun loading device witn impact veleccities up 10
74 m-s. Fig. 1 shows the experimental artrangement. For all
impact welccities the shadow optical si1ctures aere of zuf -
fici1ent quality to allow the determininatics of the criti-
tress intenzity tactor 3t onset ot rapid crack propa-
orn. The test condition: anc ths results ot the experi-
¢ perrormed are zummarized 10 abas L. Thas ot

lso the previcus datas 1n a revised torm which follow
regosjiuation 2F the shadow optical picturss pasad o~
describecs 1n chapter © of thi: report.
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ot ocompar 13or, g9a3ta obtained at Lower ioading rate: and at
quasistatic loadiny conditions are alsco shown 1 Fig.Z
Lopen symbols . These datz were weazured -«1th  drop weight

s
and precracked Charpy, tests. The shadow optical method was
used 1 most 3t thes NEerimenis tor determinlng the 1 -
pact fracture toughnes with Charpy specimens, however,
the corcept of 1mpact reszponze curces (5] was applied.

A4
A1

o

The new results agree with the earlie: data points. Thus,
the zpeculations and concluzions presentad .o the rinal e-
port of the previnus project {11 are substantiated by the
new data: The prewviously obserwvzd increasze in the tracture
toughness with 1ncreasing loading rate (decreasing time-to-
tracture) for the 1nwesfti1gated material 1< contirmed,. This
finding 1s also 1n agreement with the result:z ot Rauvi-
Chandar and Knauzs (2] fuor the material Homalite 10U, They
found an 1ncrease of the fracture toughness beginning at 3
time-to-fracture of ~32U0 ps. Thew wer=z able to measzure don
to ~1% ps where the ztatic fracture toughness was doubled.
Thiz i1ndicates that thiz effect 1¢ materi1al dependent. it
can, therefore, be expected that materials exist with a
very zmall loading rate zenzitivaty., This was the case with
the materi1al Araldite B [11. In the 1nvestigated time regi-

~—




me down to about 7 ps a deviation from the static fracture
toughness could not be found.

Fn explanation for this phenomenon was qQiven earlier ({11,
Section 5.2) by the conception of an 1ncubation time, which
1s the time the crack needs to experience a supercritical
stress 1ntensaity factor, K Kgjp, before 1t starts to pro-
pagate rapidly (see the schematic representation 1n Fig.
3). The influence of this 1ncubation time 1s nealigible for
low strain rates. [t becomes, howewer, i1mportant with ti-
mes-to-fracture being of the same order of magnitude with
the incubation time. During this time delay an overshoot 1in
stress 1intensity appears which leads to the measured ef-
tfect. If an 1ncrease i1n the fracture toughness by a tactar
of 2 13 observed 1t can roughly be assumed that the i1ncuba-
tion time 13 half the measured time-to-fracture I1Fi1g. 3).
With the data of Fig. 2 an incubation time 1n the range of
l to 2 ps 15 estimated, whereas from the data of FPavi-Chan-
dar and Knauss (2] an 1ncubation time of about 8 ps 15 de-
duced for the material Homalite 100,

IMPACTOR LIGHT BEAM
(#50mm) FOR TRIGGER

LASER

SPECIMEN

LIGHT DETECTOR

Fig. 1 Dynamic tensile loading arrangement (direct impact
loading)
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Shot I Specimen i Results
# | ve | B I a 1t oKy
|l mses & mm | mm Il ps I MPaym
i { I b I
| t | 1 |
8%21 19.¢ | 17.0 1 %1.0 t S.0 1 64
| [ I i1 |
g531 19.7 1 18.2 1 20.0 1} S5.% | &2
| ! ! i I
g%41 19.% | 16.8 | 50.% {11 &.5 | &2
i | ! I !
8551 19.3 1 17.2 | a9.7 i 5.5 1 &i
[ f ! il I
€61 9.4 1 le.8 | 50.3 10 10,0 1 4”n
1 | | i1 |
G571 27.8 1 13.4 1 S0.F 11 4.5 1 &Y
! ! f (I !
2ol a7, 0 1 18.% 1 49,8 il 4.0 g4
| 1 | I |
| | | |1 l
Be21 P40 1 189.% t ac.e H1oa4, 7 1 B7
i ! | [ |
a3l 2004 0 1R.5 1 BDLT 1L 5 1 G5
| ] | i !
364t 1005 1 1304 1 5000 b1 3.5 1 a0
l i | I |
8% 43.4 | 17,92 1 50.3 1t S.0 8l
! { | i !
Basl 35.4 1 179 1 50,5 10 Bt T3
List of =zymbolis:
we = 1mpact welocity
B = specimen thickness
a = length of 1ni1tial fatigue crack
t = time-to-fracture

K g impact fracture toughness
Dimensions of the specimen:
length L = 250mm, width W = 1U00mm

Dimensions of the projectile:
length L = 125mm, mass m = 1.%0kg

Table 1 Test conditions and results of fast tensile expe-
riments (mode [) with the high strength 18 M1
maraging steel
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Fig. 2 Impact fracture toughness data of the high
strength steel X2 NiloMe 18 % 5 for different
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Irnfluence of the 1ncubation
benawviour of cracks for different rates of loading

time on

the 1nstability
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R dynamic shear lo
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red 1n static expe

cally loaded on one :zide o3

ces a pure mode 11
aother s1de of the
event .

L
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ar Loading

Specimens were use
notcnes ) being apa
pacten at 1t= nctc
equzl to the dizta
6:. 1t waz expecte
rothe middle oact
tgsging conditions
rmovable 3
the posit
men Ihort

Later or als. a mo
troaguc3:a 1T
MEers are much E2A&az1
raal.

Wttt rme anmoadent
ging projectile la
nay Tause d1sturba
tact tg each other
car oe cloz=2d4 3nd
cements, thus lesad
betweern the crachk

of a shear concent
Tre pozsaib.e intiu
hawve veen 1nvwestiqg
opening ot the ot
wawve can generate

a3t the notch fti1p which Zan

gvaluated by the s

Colindrical zteel
impact the specime
the [WM1 gas gun to

tter 1mpsc

ading methao hzs been developec. Inertia
iaphiisticated 10a0ing O02wl1C0ES 38 requUl-
rimerits. The 1dea 13 that & crack dynami-
carasilel to 1f: surrace  gxperien-
loading az long as the materi1al on the
crack 'doez not brnios’ zbout this impact

rechnlque

d with twe parsile: edge-crack. (or =dge-
re oo o2 distance . ih

by a projectile with diameter d

u
v
s
m
i
=
T
w
2
1

e
rice 0 of the twe cruacks r3es S103. <4 3nd
o that the iongiftudinal compressive wave
oF the specimen Aouid geErerate moge il
at the crack tips. The specimer 13 ftree
[ H holdlﬂg rlvtore a3 esianea T ot ls
preclse 1mpac’ bur to release the spect-
Tpac
difiea type of specimens -Fic. % wasz 1n-
G ocne noton anly, The:re sz omme-ric -peci-
er to ftabricats and require less mate—
Ccomoress1e v ave prodoced o the L =
terai dizplacement:s are asscoclated. These
noes! JraCkI wlth LUrr3ces Qelng .n Cor-
or being not too far apsart or each other
cven conpressed by theze lateral dizpls-
ing to  uncortroliable trictionm eftects
surtaces, WS & conzequerce, “he raormat.on

ration a+t *he craci tip can be disturbed.
ences dus to “hesze jateral Jdieplacenents
ated by wuzinag notchez witn & firite
ch zurtaces. Thern *he prinar.: compression
a compres:

h

vwe mode [ stres:z concentration
w1zualized and quantatataivelw
nadow optlcal method ot caustics.

oo
-

projectiles of SUmm diameter were uUsed ta
ns. The preo)ectiles are acceleratead b
welocities r~anging tram L9m- =  to about

10mss. For spemimens with cracks beaino less than %0mm

apart, prolectiles
correspondingly re
alse modifired spec

were dsed vhich at their tront end had a
duced diameter (see Fig. 11!, Sometimes
imens were used Lsee 13, 12,0 Typical
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Projectile
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Crack
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loading arrengement tschematicallyti

shea
symmetric specimen

(rynamic shear
specimen

SPECIMEN

loading arrangement: asymmetric




measurements o+« the specimenz were l110mm * 200mm and 1%0mm
* 30Umm. The specimen thickn=szses were wuzuali. ilmm. The
crack lengths wsre 1n the range of S0mm to “Smm.

2.2 Experimentsl Resglts

Experiments were perfcrmed with specimens made trom diffe-

rent materials. Mainiy the two trensparent model materials

Polymethylmethacrlat (PMME. anc the epoxy resin Araldite B

were usec. In thesz= casesz the zhadow opticai wmethod »f Z3u-

stic: could be appiied 1n transmicssion. For the ragh
+

strength =zteec!l 2 Milclle &3 -+ ), "owc.er, the hadow  Ipti-
cal methoo can only, be appliea 1n retlection reguiring one
of the =urtaces being prepared special.., oy 3rindirg, lap-
ping, and polishing to achieve & mirrored front surtace.

A

Dl

ading Fhaze

To get & :.rst su-vey on the craci l(or notchy tip loading

concitions, evperiments nave Zeen pertormed -1tn SIPEC IMEN:Z
made trom PHMMA. PHMMY cenerates single caustics whilch can be
evaluatsd :r 3an =zazier 13y than dovble ceusztiz: obzerued
with the biretri@gent materi1al Hraldite &, Steel specimerns
also gererat= sirgle cacstic:, Du' havs onily been Jscd  fol
the main experiment=z dus to the extensiwve coste for speci-
men preparatian. Double z2nd =sincle rotched <specimen: naue

been used.

In order ta mea:zure mode | =z='ress carcentiations as aeli as
zhear mode 11 stress 1ntensitications, shadow op-ica. pat-
terns hawve been obserwed with & “ranmimission arrangement n
a wvirtual 1mags plane 'see Appendix)i. Then compressive mode
I stress concentrations resuit 1n a dark shadow =z=po* whlech
carn be evaluated 1n an eazier way than the :(1ght concentra-
tion patterns which wouid rezuit n the res| .mage plane.
The mode [iI shadow patterns, however, remain the =same ex-

cept for a mirror-iike transerzioan. The shadow opt:csal
recording arrangement 1= schematicallw showr 1n Fig. ¢.

periments are showr 1n Fig. double-rmotch specimen
th = 30mm: and 1n Fi1g. B8 for & single-notck specimen. H
comparison of the shadow patterns shows the same behaviour
for both specimens. With 1ncreasing time an almost fpure
mode [l loading builds up. Only, for the early, time range
dizturbancez due to lateral compressionz are obserwved. At
very early times, the resulting compressive mode [ loading
at the crack ti1p 1z 1ndeed dominant. thth 1ncreazing time
and rising mode Il loads, however, the disturbing compres-
si1ve mode [ contributions become negl:gitle. The last pic-

Typical seriez of shadow optica: photograsphz trom PMMAR =x-
ter a
1




turesz ot rthe "upper” notch 1 r13. 7 undic3ite the pecinning
of the 1nstability process: The mode Il caustic changes
slightly exhibiting the characterisitic l1ght concentration
pattern isee Appendix. as 1= typical tor & tensile mode |
s3tress ceoncentration under thiz cbservation cenditior. tn
Fig. 7 the lower notch sti1l. 15 stationary.

Since the observwed LDehavicur at the tip of -he zrazk of rhe
dynamicly loaded symmetric double-nctch specimen 1s  ob-
viously the same as for the asymmetric sirngle-notcned spe-
cimen, 1n most ot the experiments asymmetrlc zingle notch
specimen:z were used. The, ars much easier TO  machire, in
par*icular when steel specimernsz hac to be used.

The tocading rate dk 4t vas meas
speci1mens made irom FAraldite B
ste=! »2 Hi1loMo 13 T, ilith

ured Nt EYRpErIMENTS  wiTh
rnd trom the nigh strength
he Tranzparent Hraicite B

[TV

hd
specimens the shadowus optical transmizsion arrangsment tor
recording wirtual cshadow gpatterns hss been used i, el the
same recording arrangement as used with  PMMA specimens ).
pith steel =pecimzns, houvever ., the retiectian  ar.3sngement

with recording real shadow patterns wa:z appiled .Fig. 61,

Uuantirtariwe data on rhe Jependerce of ~he =trecs 1rtensity
tactor Ky as a tunction of time 1t are show: 1n Fig. ¥ of
zpecimenz with blurted —otca tips, 1= tmpact  celocities
have beer 1l2m- =z for wraldite B and 132m-s for steel. Since
zteel spec:imens permit nigher 1mpact celocitie: oercre  da-
mage occur:z at the coritact area betuween the prajectile and
the specimen,

data are alzo reported tor the 1ncreased 1rn-
pact wvelocity, 33m- =, The nighest obserwed awerage stress
1ntensitication rates dKy 4t are about 21058 PaVwes ror
Araldite B and Z+<1u7MFa¥m- s for stee.. A rough estimate of

m
the times-to-fracture -ezulting ftrom theze loading rates
assuming fracture to 1ni1tiate at a toughness level corre-
spording to the static mode @ rracture tcoughness o fiiad ..
MPa4m for Araldite B and -~ 70 MPa4m for the =tee. X2 NiCoMo

18 < %) w1elds values of - % ps 1n both cazes.
In drop-weight tests with three-point-benc specimens of 3s1-
milar 21ze times-to--racture af ~he crder of D0z are ob-

served. Thus, the loading rates dk,/dt obtasined with the
present shear loading arrancement as well as 'nth the ten-
si1le loading mode described 1n chapter . are more than one
order of magnitude tastsr than those obtained by drop
weight tests. This 1s a consequence ot the direct crack tip
loading by the rast exparding stress ti1eid produced by the
impactor. In the three-point-bend test, however, the crack
tip 1n the specimen :s ioaded 0y bending where the bending
15 built up by the transversal oscillation of the entire
specimen. The frequency of this osciilation and also <he




TRANSPARENT REAL IMAGE PLANE OBSERVATION
SPECIMEN IN TRANSMISSION _ N TRANSMISSION

~ 7/ VIRTUAL
IMAGE PLANE

VIRTUAL IMAGE PLANEV - _- TIN REFLECTION

IN TRANSMISSION

~ AN /
IN-
CIDENT .
/ \ ;
' ~ .~ REAL
e T ueHT ~~ IMAGE PLANE u
N -~ IN REFLECTION
P . BEAM - 'NREFLEC STEEL
A C el SPECIMEN
OBSERVATION
IN REFLECTION
Fig. ¢ Experimental set-up: dynamic shear 'mode ]])

loading arrangement and different arrangements for
shadow optical obserwation
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STRESS INTENSITY FACTOR K;, MNm ™2

~1le-

ARALDITE B HIGH STRENGTH
STEEL
or 50 - X2NiCoMo 1895
5 -
L 100
3r Yoz 33m/s vo =13m/s
2r S0
1k SHOT No 892
O SHOT No 893 O SHOT No 91
0 SHOT No 895 O SHOT No 915
oL ! L L 1 1 i L 0 - i 1 " 1
0 5 0 5 20 25 0 ko 10 5 20 25 30
TIME t, ps TIME t, us
Fig. ° Dunamic shear stress 1ntenzity factor ¥




1mocrease 1N Cracw 1oading cepends Lo 3
relatively slow comparec to wave propaga-i1on times,

;.22 Crack Fropagation Phase

The crack propagation obtained under the described toading
conditions has been 1nwestigjated with ipecifmens  made trom
PMMA, &raldite B and the high strength =teel. Under static
test conditions a crack will propagate in 3 2.rection  per-
pendicular to the maximum tenzile =tress at the crack tip.
Faor static pure mode [l loading the :rachk 3taris 1o e»tend
into a direction which 1ncludes an angle o+ about 70 with
the orientztion af the i1ni1ti1al creck and continues propaga-
ting 1n the tensile mode [ rracture mode. This  1s 1
agreement with theoretical results. The zame behawviour  ws
alsc observed in the dyramic experiments.

w

In 2rder to vizualize the e rzile .mode |} 1oading
at the Zrack ti1p shadow patzierns row have beern recordean in
the oppeosite 1mage clanez rvhan repo-ted 1 zection 3.2, L.
The camera was focissea on & real 1mage plane for the sha-
dow optical -“ranzmissian arrangenent oith PR 2nd HAraldite

B zpecimens, and on a wirtuai 1mage plane for the retlec-
tion arvangemsnt with :teel =zpezimers rsee 3iso -13. 5  3nd
Appendl>}. Typical results for the considered materi1al:z are
presanted an Figs. 10, 11, ard 12. Tfte caust:ics n r1gs. 10
and 1l 1ndicate that the cracks 1ndeed propagate wunder an
almost srndisturbed tenzi.ie mode @ ifcading. Hod T imiiav o
the static behawviour the crack propagation 12 inclined with

t

-omected v

hd

regard to the direcrtion tme original it .iar Zrach . Some
typica: results for crack paths are shouvn an Faig. 12. I
the experiments with Py 34ad Hraldite = :gpecimens the ob-

served angle 13 1n most casez very C.0SE to the expected

value ot 0. The ang.e tound with the =ztes| speCcimen 1S
somewhat smaller. but within the =catter band normally
tournd with corresponding Ttatlc experimentsz, e obserwed

0

crack propagation directions arec an additianal indicat
that the 1nit:al notches nad teern loaded oy ar zlmost und .-
sturbed pure dee Il icading.

In addition to the crack tip shadou partertis the photo-
graphs obtained with the steel specimern 1n retlection Fig.
11l) show patterns of mechanical wevez whizh emarate trom

the tip of the propagating rrack. The preopagation wvelocaty
indicates that these are Rayiei1gh wawves preceded oy almost
not visible longitudinal wawes. The detformations of the
specimen suarface caused by rhe waves pecams s1sible by the
shadow optical technique. The photographz of Fig. 10, howe-
ver, taken 1n transmission do not exhiibilt waves 1n the same




~15-
distinct way. Unly when the crack  2tarrf: propagating, 10
The conclu-

the very first pilctures, wawves are cbservable.
s1o0m 15 that the shadow cptica. we thod r re L EC T 1on 13
much more sensitiwe to surface distortions ~han Lt trans-—

-

mlission.

Fig. 10 Crack propagaticr 1nitiated from a shear loaded

notch (Araldite B), shadow optical technique 1in

tranamissi1on




Fig. 11 Shadow cptical pirctures wreflection rtechnigue) of
a crack propagation 1nitiatec from a shear loaded
notch tsteel »2 thhCoMo i3 =+ S




~-2 i~

- T -
wn
cg)

3
0°

1N s g

T
Y

]

8

__|

SQnun h < SOmm

T
7%°

AN

5| k~—
-

70
J
b
-
; \{%

ASYMMETRIC SINGLE EDGE NQTCH

s} k"‘g“—*

MATERIAL . PMMA

Fig. 12 Crack propagation paths 1n PMMA-zpecimens,
shots # 8BO, # 883, % S04




T e d

2.2.2 Dynamic Shear Lrack Propagstion

4 surprising effect was tourd witn ke
behawviour of high strength steel specime
certalr threshold 'elocitu: materiatl =
under shear mode loading with new phernome
surtace. The 1nuwestigation of fthiz rew e
part of the total research prograr ana 1
section.

in trne series of e-periments nich as
understand thiz rnew eftect tw. parameter

rach Zropagation
nz 1mpacted above Aa
Ep3ratilan SCCArrec
na 1n the tracture
ttect was a uajaf
s described 1n th-

pe=r  persormed to
= were warilied, the

tmpact welocity =nd the sotch Ta1p olurtnezs. WOttt parame-
ters were expected having an intluence or the crack taip
ztrain concentration:.

Experimental rezult. are given 1 ri1g. 1%, The cracs paths
Tlengta ard direction are _ompl.ed an o3 motoh Lip racids
WEr Sus 1mpact celocity diagram. Some o: the cracks with low
Crack g zIult “ snd L, S mm an3d ampected at io-
wer velocitiss < 2show the same behs10ur as n
rhe Siow esperament ot zecction fLl.2. ireze races  pIro-
pagated 1rn a3 direction S0 trow the jigament anag away, fron
che ztrez: rield oroduted S oftve Lopacttoar, il the  St-er
rotches or crack= cevelopea the new tope ot “dynam.o  stiear
tracrtures " which cropagated slmzst stralght alocag the 1gs-
mert. The de.tation rron the ztrai1ght path 1z betiuees:, 3

ang 1t but sppeIlte o tte atherz nta the TNDECNor Zoom-

prezzi1on ti1elad.,

e the eaperiient: alth the mar ag o ng e dezcrined 1
thi1s =ectior the specimens ususlly broke 1n two  or trhree
Fartsz mainly Dy fractures chch sere 1gentai:i=d toc we  ten-
s1le tractures. These, howewver ., were 1 MOZt casez preceded
by the new type ot dunamic zhear rractyre Chor eviept.on

see Table 2, tracture mode:. Hn example 12 stowr in Fig.
t4., H photograph ot the migddiepart ot “he zpeZimern cCchntal-

rning the notchk anc the crack path 1s Faig.

started almost straiaht trom the rotch
shear crack owver a distance of 1l7mm. K p
surface 135 Fig. Llab. Atter thiz the =r
charge 1ts direction but also the fractu
gated as a tenstile tracture, break:ng h
parts, and generating thereb, a typical

surtace (Fig. lacs. The direction of thais

tracture varies 1n different experiment
that this fracturing accurs in a3 late ph
during the catching process.

The test data and the experimental tinda
are listed in Table 2. The length a, o
crack was measured. ag varies rrom e-per

laa. The crack
nd nropagated =c 3
hctograph  of this
acl did rnot gy
re mocue. It propa-
e Ipec  lmen n twc
tens1le tracture
tol.owing tens.le
5. [t 1s  assi.med
ase e.q. by osending

rgs of thiz precgram
f the dynamic shear
iment to xperiment

- ——— <~ — v
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At i

but obviously 1ncrease= with
fhe .ast column of Tabie 2 tel ta1lz
tractures. For shot number. Oz to 91c
1185 wused ince no tracture oococoareszd o ont
two cases the 1m1ti1al shear craci was tc
shear crack with a mark in between bei1rng
ar arrest ewent (f 9% and $# 257 !
zpecimen di1d nat tollow one of theze
der tension witn an angle 2t agout

£33z 1Ng
t

v

e

o on

U b

st}
R ol w4 ¥F
i

1mpact e loC ity
ot the '

e
nly one s
4

fowed oy a
rmtarpretec To o=
=1

e case, ¥ P

iawz. It fracrtured un-
t

Ut oppoSl

e<pected 707 1nto the pressur=z f1zid. An explanation  tor
thisz behawiogur (e,g. by bencing during cetching: 15 ncot
awvairlable, zirce tthi1s :racture accuried at an =arl . 1me a5
1= shown by the photograph. Irn shot # %64 a finite <zhear
crachk length couid =ot oe determined becauszs +the crazl daia
not =tos 1n the specaimer.

Vhe renzile crackzs zhow the oplcal characier istics. [ e
zurface 13 dull and 1ough ang exhbiibits  the ugsual "river
pattern’” produced oy Crack estension tze= Frg. ia! b=
tracture surtaces show shear .e. the edéee are 1r-
Zlined at = zngles ot aboo:s TEIpRECT Lo The olzrne
middie part or the -racture

The rew Zhoermomenan ‘dyramic shear rraltgre’ goss ot SI NN
ditfer 1r the propagatizn direction “vom  the 73 ternsile
TrECtUres ano croarm The terziie Cr2Ih s whor o tucceed the
zhear cracks=, but slsc the appesrance 1= praincipally difte-
rert. ire rracture zurcscei o trhie ztraight nropagating
shear cracks: do not Show chear lips. The flat tracture sur-
race e.tencs 03 tne rotal chiiceress: ot che Zpecimen the
surface 12 not rough bot zhanyg, Many 1sclated areas ot the
sUrtace Nave @8 mIrror -ilre? anpearance.,  H o oalising  orcoess
during tte separaticn phase could have gererasted these sur-
tacesz el 1nmg temperature: may nave scolared st the Ui ota-
Te.

The tes: parametsrs., the obhserved experimentat rindin s,
and data ot evaluatior procedures (which are expla.nec a-
ter . are presented 1n labie . ror an attempt o agt the
experimental data of Table 2 1nto one diagram the ftollocwing
arquments gere tound:

1) The data suggest the existence of & thresho:d welocito
yp for the tormation of dynamic shear cracks.

(23 According to thecretical resultsz ot
see for 1nstance (71 thi1= threshold =
nal to the square roo® ot the notch taig

““th
Min T\t 1E;-
V5 Jo

tracture mecharnics
hould we prapdrtic-
radius:

B i T ——

~—




- -

L34 The szhear crack ilength 4o
radius. From this follows tha

wes will fit the results of
tip radii.

m

v4) The presumption tha< the
pends orn the i1mpact enerqy, 1
psct velocity, was not =zuztan
The datas rather suggeszt & pr

wveloc1ty and shear crack leng

Consequently, an 1mpact weloco
diagram mas been drawn «Fi1g.

different symbols have been u
radii1., < computer f1% wa:z mac
circles 'tatique cracks. toc f
fines of the data with didter
shold welocities are the 1nte
zontal 3a<1s anmd gQlven riumeris
asszumed  proporticona.ity bet
aQuare -03t of rotchk Tigp radi
for the .ine with g = 0.7%mm

the ettective radius ot the

estrapolation of this li1re 0
lzngth of

well 1nto the ciragran, = 35,

R o-ip=s 3d:1d rnot

the noto
siour . It 13, howeuwer ,

-~
W a o
D
,
i

cCoOow ~

i1
w
—

-

the materia. zcatter
smaller notch tip radia
tip zhould rezuit .n a
The likelihood for tnhnese
increasing rnotch ti1p radl
tiwve radius ot about J.35

u

3l

&l 3
3

T — 3 w

e O3
- T

=1

3

A second diagram, Fi1g. .6, 1%
ax13 normalized by the square
In this case a burch ot iines
common poaint which 13 the to
ax1z. This concentration 1nto
tion for correct determined t
The transformation of the lin
gram 1= mirror-like: the l1ne
pears on the right si1de. The

points which do not fi1t 1nto

obvious by this mathematical

tion of the new position with
e.q. 0.3%5mm would have placed

The arguments (1) to (4) give
data make clear that a single
not be expected. The diagrams
re, replace Fi13. 12 of the n

3
3

23 not depengd o the notoenh g
t citterent bur parallel cur-
pecimens with Jdirterent not

denzmic zhear crack lengtn de-
.. or. the sgquare ot the 1m-
nzd by the expzrimental data.
oportionality beiween impact
th.

1t wersus shear crack lencth
iB1, For a oetter diztinction
sed fcr ditfterent nrotch tap
€ inth the data cof the open

1nd the zlope ot the paralle.
et notcn taip radii. The thre-
rsectior points with the hori-
a1l i Tablie i, Froem the
e e threshaola seloccity  and
uz zl=zo the miszing rocot ocoint
car be calculated as weli as
e da- = G.1%mm.. e
21d= a fioctive shear crack

W
[

[

-+
Iy
-+

DS

Y
o tor shot ¥ Ye4. Tuo sata points 4o ot S
-

anc # 3%8. @An anepection  of
e reason tor thiz behs-
ect that datas point: outside
N }

s} L the regime

a o

ate t
rftections ot the rnotch
e-tl rot-n ta1p raaluy
5 shculd Increase Wl

.o
o o.

(]

Feze ~wd potnts an cfte
stimated rrom Fig. 1%,

ar
~C
[np
v
v}

drawn Wit rhe hcrizont
roct ot the rotch taip radiu
15 to be sapzCted wlth 3 3
ot point on the haraz
one polnt 1s also an 1rda
hreshold waives 1n ~1Qg.
es troem Fi1g. 1% into this o
witr the fatigue cracksz ap-
displacement ot the two dats
the diagram becomes ever more
transtformation. The calecula-
a more suitable radius of
them consi1derabl, better.

.0
— W

]

on

[
Rl

a

rn abowve and the experimental

curve tor theze results carn-
of Figs. 1% and l6é, therefo-
terim report {(3iZzl.




Test Parameters [ FReasults
il
# | B I Yo I @ it ag | fracture mode
| mrm | m-s | mm | mm I 1. crackl Z.crack
’ | | | [ | |
| | | 11 '
917 | I3 19.86 | f i 4 | shear + tensile
214 | 2.3 1 31.9 1 a P 9 ; shear + tensile
3le i 2.9 | 1.7 t (I 26 | shear + tensile
913 9.4 | 32.0 1 1 1 20 | shear + tensi1le
219 1 8.6 1 30.3 1 g P20 chear + *tensile
Fea | 19.0 | 54.3 | 1 Y A I all shear
6% | 12.0 1 2.1 | & t 31.81 shear =+ tenszile
| i | 1 |
215 | 3.4 | 32.% 4 0.2% 0 17 | shear + tensile
| . | it !
Fod i 1903 29.58 ' 0.Z20 4 X { shear + ternsile
] E2=7 N N - I VB 8.2 00 0.30 0 21 i shear + tensile
| 1 f | |
2201 2.3 | 22.4 0 D.3E 4 12.%14 zhear + tensile
921 3.5 | SU.7 L 0L.3% L | zhear + tenzile
1£ Pe2 119 ! D204 10025 iy - | tensi1le
i i | [ |
Q05 DL 12,0 1 6.7% 11 - i no fracture
A 2.2 2.7 4 0.7% 14 - | o fracture
L0 2.7 1209 1 0.7 0 - ! ro fracture
P11 i 8.7 | 1Z2.3 + 0.7% 11 - } rno fracture
P12 3.9 | 2.% 1V 0.7% ot - | 70 ternsile
. i | i |
965 | 19,8 | 39,9 | B3.3% 1| .91 07 tenzale
P56 | 19,0 | 1.8 v 0.3% | 47 | shear + zhear
P57 1 1901 0.3 + G.3% U 42 ! shear + cshear
Leg 18.9 | 2 U B 1 O < A 13 | shear + tensaile
259 | 13.8 | 27.% 1 0.3% U1 - | 707 tensiie

List of symbols:

¥ = shot number

B = specimen thickness
Ve = 1mpact velocity

Q = notch tip radius

ags = length of dynamic shear crack

Table 2 Data of shear experiments with steel specimens and
experimental findings




TENSILE

SHEAR

NOTCH

Fig. la Fracture surtace appearance:! lLa/! fracture path
(b)) shear fracture tct tenzi1le fracture, (# 915)

SPECIMEN No 915 {
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6
symbol |} notch tip radius Q
|
- 0 0.1%mm (fatigue)
] 0.25mm
P a 0.30mm
A 0.3%mm
u] 0.7%5mm
{ a 0.8%mm
| .l
|
’ 8] »
| 5
! ©
2
!
i
/
( o ‘D
' o
‘
f
! Fig. 15 Shear crack length as a function of impact

wveloci1ty and of notch tip radius
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symbol | notch tip radius /] 964
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o} 0.1%mm (fatigue)
® 0.25mm
| & 0.30mm
. 0.35mm
@] U.7Smm
L 0.8%mm
4 +
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L
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Vo 3 ¥m
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Fig. 16 Shear crack length as a function of 1mpact

veloci1ty and of notch tip radius
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2.2.4 Dynam:c Shear Fracture Formation
The appzarance of the crack surfaces o5r the high  =tiengtn
steel specimens sugqQests & glicing process between the R

per and the lower surtace during the -rack gereration pha-
se. The shiny smeared-out regj:ons are larger 1n s1ze at the
beginning of the crach near the notch and the dimples which
have a circular configuration with the tensile fractures
are eliaongated and paraboiicly contaurea. Thiz 15 shown 1n
the micrographs of Fig. 17 with & transition from shear
tracture :lower lett corner. to  tenzi1le Yracture (upper
right side: showing the change 1n  the formatior ot the
dimples from the parabolic to ~he circular shape.

This sort ot “dynamic shear tracture” could, howewer, n
be produced with other materials. Zxperiments nave als
been performed with the steels. 35 MilrMolt PZ (HF: 1031, &
CriMo 4, and the mild zteel STE 460, ali 1n a non-nardered
state. MNon ot these specaimenz, although i1mpacted with wery
Figh crojectile velocities tup %o 110 mr=2!. broke into
partz. DOnly short =zhear cracks were prodguced, 1f anw. Figs.
18 arnd 1P zhow an =xampls 1t the naterial 42 Crito 4
(# $2%, 1mpact welocity 102 mo =),

i

I

| N e 2

The 1mpactsd =zpec:men ocrigina. zize 120mm = “dmrw + [O0mmoo
13 shown 1n Fi1g. 183 with the notch on the leit side and

the 1mpacted part clear .y n1z1ble an the top LCcompra2ssian
zbout 8 mm). Lines tc 1dentity positionz have been traced
an tre surtace certore the test. (he distance of trhe narrou

linez 1n the undizturbed material 1z 2. mm. The first one
ot these narrow lines rrom the top 1ndicetes the ariginal
notch tip position (tip radius 0.2mmi. Fi1g 18b 15 a magni-
fication of this area.

i

A photomicroaqraph of the sheared part of this specimen 1
Fig. L1®. The lergth of the crack shown :in Fig. i%a 1s about
Z.5mm. Fi1g. 1% is a detai1l of this crack. The peculiari-
ties ot these pictures are white tands an both =z=1des ot the
crack and also white fragments 1nside the crack. These
white partsz became .131ble by etching the sample ! and are
known 1n the literatur &s adiabatic shear bands.

FRdi1abatic shear bands are produced 1n & mail wolume of
very high shear strain gradient by teat) up to almost
melting temperatures and a hardening process during 3 suc-
ceeding rapid cooling. The width of the band 15 ot the or-
der O.0lmm and of little mass only, where the material 15
transformed into a martensitic state. Rapid cooling of the
small band volume 1=z ach:ewved by the two large intertaces
to the cold bulk material.

w2
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*,) Etching agent: 3% Nital
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. The hardness distribution across the shear banc 1s  almost
rectangular as shown 1n F1g. 20. Thiz prctile shous an  1n-
crease 1n the microhardness HV £.02% 1n the band by almost
a ractor of three compared to -~he aulk wmaterial which s
heawily plastically deformed and., therefore, alsc stiows an
increased hardneszs compared tc the base material.

Shear bands have not be

fou
aspecially not 1n the marag:
r

nd 1n the other materials,
‘ ng =teel zpecimens  of 3eCtion
g 2.2.3 where "dynamic fractures" hawve been observed. In this
type of steels martensitic hardening 1 not poszcsible anc
separation may hawe occurred 1nsteand 1r the weakend micro-
structure or even 1n the jiquid =tate at the tipg of the
fast mowing shear strain concentration. The heat conduction
of thiz materi1al 13 known -o bte up to (0 times lower than
irn ferritic steels. Ther the heat generated at the crack
tip remains much nore concentrated i1n the maraging stee=sl
whe "eaz 1t dissipates fast 1n the otherz. This could ex-
plain that trhe obsevwed zhear tracture phencriena were :ounac
in this materital onley,

i

3

Ferritic materiais :nth a relativziy iogw 1 ztrengih, on
the other hand, maw not develop a3 shear strairn corcentra-
tion sutficiently figh to rorm a heat scurce capable tor
inducing material transformations. This 13 a consequence of

o
—

o

n

the ¥front of “he compressive wave Mot DEe1mlm] 3 Lteg sunc-
ti1orn, Since the material starts yaielding =t low level a
high =ztrain qgqradient canrnot develop and -he .3 zutticient
time for the material to rlow zway durin the long per 10d
of increasing orezsure. With thiz mater: nly  wery  high
impact welociti1es are expected to produc b wawvesz with
strain conzentrations zufficiently high to Jgererate shear
bands.

~ 0 w0
—

The cornsequence of these obsarwations 12 t-at the phenaome-
nor: of "dynamic shear tracture” has to be described by dit-
terent procezses 1n ditterent materials. To break 3 shear
band like the ore 1n the ferritic steel ot Fig. 1% will
probablw nead oanly little 2nerqgy, because the tranz-<ormed
material 13 wery brittle. This crack does riet [ook like a
shear crack. [t may have been produced after cooling doun
of the band materi1a! not under shear iocaag but due to resi-
dual tensi1le stresses generated i1n the bulk materi1al during
the cooling process. A tensile loading of the shear band
could 3lso hawve been produced by a compressicn of the notch
surfaces due to the lateral material expansior 1n the com-
pression pulse. There 1s some i1ndication of thiz 1n Fag.
18. This hypothesis 13 supported by the tinding that manu
unbroken shear bands were tound at places where these <or*
of load may not have been awvailable.




r——

Shear fractures were also tound 1n zome of the projectiles
uzed to i1mpact the plate specimens. The projectiles wersz
tfabricated trom the steel 42 CrMo 4 and inducticn hardened.
Ht the edges ot the 1ndentations formsed 5y the i1mpact Lze
sketch 1n Fi1g. 2las large shtear cracks were formed. Some o
them have beenn 1nwvestigated metallographicall.. Thes
cracks are much larger due to the 1ncreased hardness ot the
material and zhow alszg all interesting teatures. Fi1g. lla
15 a sketcn of the 1mpacting part of a projectile (shot #
#2%! and Fi1g.21lb zhows an over ali wiew of s compreczsed
edge with a large shear crack. Fi1gq. 2lc, finally, 15 the
magritied area of the very beginning of the crack showing
an array of shear bands 10 to 20 mikrometres 1n  width,
ti1gs. 22 ro % show microphatographs of the =stched mate-
rial: cometimes the crack has extended 1n the white shear
Dhandz and 15 e=wven ri1lied with ftraqments ot the transtormed
material fFi1g. 22 and 2%}, Fig. 24, howewver, stiowz the end
of the creack which wvias not preceded oy a shear band. ri1g.
2% shows an area wery close to the edge ot the ndentation
Wwith an anbroken shear banda.

=
t

Photomicrographs tlight and scanning electron microscope,
LM and SEM! of ancother secticred projectiie  rshct  # F290
are shown 1n Figs. 24 to 28 1ndicating the rather abrupt
transi1tion Setween the a2diabatic zhear tbana and the sur-
rounding materi1al. Etching of the white band, 1.e. the
transformed material, 13 les= =as, t-an 1ttt “he  =yrroun-

az,
ding materi1al. The 5EM micrographs =suggest this material
being rarsed over the =urroundirg material. Jbuvicusly, the
white band 13 werw hard, which 13 1n agreement to ~1g9. 20.
The light microscope does not resoluve the microztructure of
the band which 15 believed to be martensitic., CDetails must
be zmaller thar one micrometre. Hlso the zur-ocunding mate-
rial 1= strongly detormed by shearing. Ewven damage can be
seen 1n thiz materi1al Fi1g. 27!, The toughresz of this ma-
ter1al seems to be reduced. The drop of toughness 1n  the
shear band 1n combination with residual streszecs tn the
specimen possibly often leads to frac:iures within the band
tFigs. 27 and 28..
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Fracture surface 1n different magnifications,
transition from shear (lower left corner) to ten-
sile fracture (upper right corner); SEM micropho-
tograph (shot # 916); the lower picture is a
deta1l from the center of the upper
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Crack at notch tip
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cover all view
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Fig. 21 Projectile indentation (# 925), (a) sketch of the
impact area, (b) over all view of one sheared edge
tc) broken and unbroken shear barnds at the edge
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L™ (SEM, materi1al contrast)

Shear band in projectile (# 929), unbroken, diffe-
rent magnifications




L (SEM)

Fig. 27 Shear band in projectile (4 929), beginning of
damage, different maegnifications
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Fig. 28 Shear band in projectile (§ 929), broken, diffe-
rent magnifications (SEM)




4. WORK ON REZEARCH TRSK 3:
CRACK PROPAGATIOM UNDER THE PH&SE OF PRIMaARY COMPRESSION

K-measurements under direct 1mpact leading conditicons per-
formed within the previous contract could not be carried
out with Araldite B specimens for 1mpact velccities v ~ 20
m~s because the cracks already became unstsble during the
phase of compressive load and propsgated 11n a direction
perpendicular to the original crack orientation. Ubuiously,
tensi1le stresses are produced during this early phase by
lateral! exparnsion when the compression pulse traverses the
specimen. An 1nvestigation of this phenomenon has beern con-
ducted using specimens with cracks positioned parallel to
the 1mpact direction as 1s shown an Fig. 29.

Two series of experiments using specimens fabricated out of
firaldite B were performed i1n which the geometry of the test
zpecimens was war:2d to get 1nformation on  the parameters
which might contro:. the loading rate. In the first series
of experiments the height b ot the specimern was varied from

h = 5%mm, h = Zfmm, n = 100mm, up to b = 150mm. In tre =e-
cornd series ot experiments the length of the center crack
was varied trom 2a = Z20mm, Za = X0ma, to Za = &idmm. The
length L of the specimen was kept canstant throughout all
the experiments, L = &40Cmm. The specimen dimensions are gi-
ven 1n Fig. 30, The specimens were 1mpacted at a weloccitwy
vo = £2 mss by a steel projectile. The tezt canditiaons are

givw=n 1n Table 4. Again the shadow optical method of caus-
ti1cs was used to 1nuestigate the crack ti1p leoading.

A typical seri1es of shadow optical photographs 12 shown 1n
Fig. 31. Compressiwve caustics are observed first at both
crack tips when the compressive stress  pulse propagates
along the crack. This causes crack closure which generates
the observed compressive crack tip caustics. Later on, the
compressive crack tip caustics rapidly change 1nta tensile
crack tip caustics. This process takes place earlier and
more gradually for the left (the tip first hit by the pulse
front) than for the raight crack tip. The steep i1ncrease 1n
size of the right tensile chadow spots was the reason for
hoping that very large crack tip stress i1nternsification ra-
tes could be produced by this method.

Quantitative results for a specific geometry tshot # 53§
are given 1n Fig. 32. Time counting was started when with
the left crack tip the pressure caustic changed into a ten-
sile caustic. From this instant tensile loading of the left
crack tip (x = -a) 1s observed. Tensile loading of the
right crack tip (x = +a) is about 12 pys delayed. The 1n-
crease of this second stress 1ntensity factor curve, howe-
ver, is considerably steeper than that of the first one.
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The achieved crack tip stress intensification rates ok - ‘dt
for the performed experiments are zummarized 11n Tacle 4.
Graphical presentations ot the loading rates obtained ftor
the right crack tip are shown 1n Fig. 34 as a turction of
the height of the specimen and 1n Fig. 75 as a function of
crack length: Increasing rates of the stress intensifica-
tion factor K are obtairned when the height of the specimens
15 decreased. [t 1s corncluded, therefore, that the retlec-
tion of waves at the upper and lower boundary, of the speci-
men will cause this effect. “n esplanation 158 tried with
the aid of Fig. 33:

Hccording to Hooke'z law lateral streszsses behind the fraont
of the compressive wawe are Gy-v 71 - v tabout 0.% times
the stress 1n propagation direction!. The comporients which

are directed normal tc the crack tend to close 1t. Conse-
quently, pressure shadow patterns are cbserwed at both tips
during this first loading period. The front of the compres-

s1ve longitudinal wawve produces alszoc shear wawves at the up-
per and lower boundaries of the speciwmen (see Fi1g3. 33) to
meet the condition of -ero rnormal ztresses at the tree sur-
taces. These twgo shear wawes propagate into the zpecimen
and superimpose in the center plane, the plane which con-
tains the crack fFi1g. 26). The crack 13 hit f:rst by thas
wave combiination at the left ti1p x = -3 with ta o = cy- o,
where cy and o are the propagation velocities ot - :answver-
ze and longitudinal waves, rezpectively. The nrormal-to-

the-crack components of the two shear aves form 3 ternsile
loading of the crack turning first the pressure caustic &t
the x = -a tip 1nto a tensile caustic. This  tensile ioa-
ding, however, i3 hindered in 1's dewelopment by the fact
that for a certain time the rest of the crack remains under
pressure. This time can be calculated to Za-c Faig. 323J. In
the experiment of Fig. 32 a time shift of 12.% ps 135 calecu-
lated and alsc obserwed for the onset of 3 ternsaile shadow
pattern at the » = +a tip f(dark line 1n Fag. 327,

The resulting rates of strezs 1ntensification given 1in
Table 3 are compared i1n Fig. 36 with results of the prewvi-
ous contract (11, Fig. 383 for direct 1mpact loading. The
values of Table 4 can be averaged because the i1mpact wvelo-

city was constant 52 mss with all tests. One point, there-

fore, represents all data for the crack tip » = -a (open
circle) and another one (full circle} 1s the mean walue for
the « = +a crack tip, the interesting one. For one shaot,

f 746, the data for the left ti1p 1s extremel, high which
seems to be unrealistic. A second mean value has, thereto-
re, been calculated with this data not taken 1nto account.
This is given 1n Table 4 and in Fig. 36 tdashed circle) be-
cause 1t might better represent reality. The increase 1n
stress intensification muzt be considerably handicaped by
the stress closing the remainder of the crack and should,




therefore, be smaller than the previcus values. The 1ntere-
sting result of these 1nuvestigations 1s demonstrated by the
black dot 1rn the diagram (Fig. 36) showing that the rate of
the stress 1ntensification 1s i1ncreased by more than a fac-
tor of 2 with this method of unloading a compressed crack
by a shear wave combination. These experimental findings
show what was expected by the drawing of Fig. 2Z3.

From Fi1g. 33 1t 1s also obvious that the crack length does
not hawve an i1nfluence on the rate dK-/dt which 1s wverified
by Fig. 34. Increasing this measure just shifts the x = +a
curwe to the right (Fig. 32). An influence of the width h
on the rate diK/dt which was measured with this program
(Fig. 35%) may be due to a reduced erergy, density 1n the
specimen with increasing width Ci.e. increasing  <olume).
This reduces the rise time of the stress pulse and conse-
quently also the rise time of the shear wave=z which direct-
ly determines dK-dt. These zhear wawes are also rarefaction
fans with rise times depending on propagation distance. It
must, therefore, be expected that with 1ncreasing height
the rate dK-dt of the stress 1ntensaity factor decreases.
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Fig. 20 MUariations of specimen geometry




List

49 -
Test Conditions bl Results
I
£ 0 5 1R 1w R (x=-a) | K (x=+a)
| mm | mm | m-s |t MPaV¥m ‘s | MFa¥n -
| [ | i1 =198 I =1nd
1 | | [ |
| | | 1 |
@30 1 30 1 100 + 52.2 {1 0,29 i 2.8
231 | 30 { 100 1 2.2 11 1.03 | 4,2
@32 | 30 I 76 1 50.% {1 0.71 | 3.8
933 | 30 i 75 1 51.4 11 - | -
934 | 20 f e 82,2 41 0.91 { 4.2
| 1 | (I f
935 | 20 | 150 + S1.9 11 - ) -
235 | 30 i 1290 1 52.2 11 1.2 i 2.8
P37 30 | 120 1 82.2 11 1.1¢6 | 2.2
233 | 20 | 100 + &2.2 11 1.07 | 2.8
ER A &0 | 100 © B2.4 11 ' -
| | i [ |
ay &0 | 100 1 B82.2 11 - | 4.0
241 | Z0 i 1900 + 52.4 | - | -
Q42 | 20 | 100 1 ©2.4 11 - | -
=43 0 20 | 100 1+ 52.7 1+ 1.4z i 4.0
Y44 | 20 [ 100 | S2.4 (it 1.48 | 2.9
| 1 | . |
245 | &0 i 100 2.1 11 - | 2.7
Fa6 | B3y ! 5 | BE2.5 | 4.3 | 5.2
@47 | I ! 56 | 52.5% 11| 2.27 | 4.2
248 | 20 | 55 | §3.2 | - { -
349 | 3 | 55y 52,0 (1 - ! -
i
mean values: 1.2x1. 21 T.6%203.8
|
(# Faée omitted: 1.220.%5)
(specimen length 400mm)
of symbols:
shot number
crack length
specimen height
impact wvelocaity
rate of stress 1ntensity factor
Table &4 Test conditions and results of cracks loaded
tensinon by superimposing shear waves
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High speed series of
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S. WORK ON RESEARCH TwSK 4:
IMPROVEMENT 0OF THE SHADOW OPTICAL METHOD IN REFLECTION

Within the previous contract shadow optical pictures hawve
been photographed i1n reflection with high strength steel
specimens 1mpacted under direct loading conditions. These
photographs showed disturbances due to surface waves. The
larger the impact veloci1ty and the larger the cbserwation
time the more severe were the obserwved disturbances (see
Fig. 37)., K measurements were limited to rather modest 1m—
pact velocities. [t has been proposed, therefore, to 1m-
prove the procedure of photographing shadow optical pictu-
res 1n retflection.

After a study of the shadow optical imaging process (for

the shadow optical method =see Appendix and [4]1)} and the
sensi1tiwvity of the shadow optical effect resulting for dif-
ferent stress-=z=train concentration problems, a way  was
found to reduce the Jdisturbances resulting from Fayleigh

aurface waves that an ewvaluation of crack tip shadow pat-
terns at irncreased i1mpact velocities becomes possible.

For 1llustration of the technical background on which tras
improvement 1s  based, three stress-strain concentration
problems with different =ztremss gradients are considered
(sze (4] and Fi1g. 38):

(al a circular hole subjected to bi-axi1al stressez p, 9,
(63 a puint load acting on a halif-piate, ang

fc) & crack under mode | tensile loading.

The curves Dlzeod, combining the size 0 nof a characteri1staic

measure 1n the reference plane (1n the =hadow pattern) with
the distance =z, betueen specimen and this plane for these
three problems are giwven by 1see [4]):

T = a | b | e
Ditzot = A m'-9 -0 [ | —- 12
g = 12 1 1lra t 26
Z - ZO
M = e - s 2 = zgo *+ Z4 (23
pad

m 1s the magnification or scaling factol due toc not paral-
lel light. Z 18 the distance from light source to specimen
and the factors A contain all constants of minor importance
in this context. The geometrical relationships applied with
this work are i1llustrated 1n Fig. 39. This 18 the case of
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convergent light with m < 1.

For these three problems the resulting stresses wvary with
1/r2, 1/r and l/AF, respectively, where r 1s the radial di-
stance from the oriqin, defined 1n Fig. 38. In & shadow cp-
tical arrangement with conwvergent light beams the largest
shadow patterns for these three stress-strain concentration

Figq. 37 ODisturbances of
T‘EF}.E‘C‘.]LIH [y e

tterns obtained 1n
it im
Raylieil1gh waves

mens due to syrface

CRACK TIP UNDER
CIRCULAR HOLE UNDER COMPRESSIVE EDGE LOAD
BIAXIAL STRESS FIELD ON HALF PLANE TENSILE (MODE -1} LOADING

Y

y .___L/l-—’\{

-~ < p<+TT

fal (b (cl

Fig. 33 Stress concentration problems of different stress
singularities
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problems are obtained tor distarnces zo between the specimen
and the shadow optical 1mage plane (reference plane! given
by the relations

Ltal zo = 0.2 2
tb) 2z = 0.33 Z (3
Lcl)  zg = 0.40 Z.

It can be deduced from this that in order to obserwe the
largest possible shadow pattern the distance =z, of the re-
ference plane from the specimen must be larger for the
stress-straln concentration problem with the lower gra-

dient. These relationships Dizp! are plotted 1n Fig. 40,

Since the Lariations 1n stresses asscclated w:th Rayleigh
waves are considered smaller than those which are obtained
around crack tips, 1t 15 speculated that distancez z4o for a
best visuaitzation of Raylei1gh wave shadow patterns must be
larger than those for crack ti1p cshadow patterns. LConse-
quently, 1+ the distance 2o 15 reduced to a8 walue smaller
than the optaimum distance, then the reduction 1n the shadow
optical effect 15 expected to ke larger for PRayleigh wave
patterns than for crack tip patterns.

In order to prove this hyppothesis shadow aptical pictures
for Kaleigh wawe disturbances had been photaqgraphed with
diffarent distances zo of B.7% m, 8.4 m, 0.2 m (Fig. 41).
As expected, the disturbances are lesz pronounced with
smaller distances zo. Fi1g. 4Y stows shadow optical patterns
of both the Raleigh wawe disturbances and the crack ap
patterns for two distances o, 1.5 m ard 0.7% m. The di-

stance zo = 1.5 m i1s the optimum distance for 3 best visua-
l1zation of crack tip patterns which was used 1n  the pre-
*f1ous contract far measuring fracture toughress calues at

bigh loading rates. A reduction :n the shadow optical sen-
sitivity, has a larger effect on the Rayleigh wawe distur-
bances than on the crack tip patterns, as nas expected. The

crack tip shadow pattern cbserved at a diztance zo = (.7% m
15 smaller than that far z, = 1.5 m but 1s  st1ll  sutfi-
ciently large for reliable guantitative ewaluastions. Ray-
leigh wave shadow patterns, howewver, are wvery much reduced

1n their intensity and the disturbances now allow & tbetter
and less disturbed measurement of the si1ze of the crack taip
shadow patterns. With this 1mproved shadow aptical arrange-
ment most of the experiments of this report have been per-

formed.

This procedure, the reduction of the ohserwvation distance,
however , has consequences which have to be taken 1ntoc con-
sideration. With a real material limitations arise by the
s1ze of the plastic zone represented by 1ts radius rpi. This
quantity 1s giwven according to ASTH E 61¢ for plain stress
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This 1s 1llustrated with the yield strength 3s a parameter
by Fi1g. 43. A reduced distance zo of the shadow optical
tmage plane reduces also the radius ro ot the 1nitial curve
orn the specimen surtace which depends on thiz distance as
well as on the applied stress 1ntensi1fication K:

25
3Kzocld/2]

o i By
2¥2mm

Thiz formula 1s 1llustrated for the conditions 2o = 4.7%m,

Z = Z.3m and s specimen thickness of 20mm  snd the materizl

parameters V = .37 andg E = 132 GPa by Fig. 4l. The decrea-

e ot this circle with the decreaszing distasrce of the refe-

rence plane causes new errors whern the radius of the plas-
ti1z zone becomes comparablie with the radius ot the in1tia:
curwve because ot the no longer fulti1lled conditior of =smali
zzale nelding on whkich the theorw of  the shadow optical
methood 1% based.

Fig. 44 15 3n =:awple for a ery szspecific materizsl o the
fiigh strength steel X2 NiCoMa 13 2 5, wits the parameters
Gy = 2 GPa, ¢ = "0 NPa¥f, which reaults 10 rp Lo,
Young's modulus E = 187 GPa and Poizsorn'sz rati1a V= 3.32

arid ror the specific experimental condit:ionz of Fig., 2%,
Changing the material or the optical arrangemsnt demands
the caiculation of 3 new zet ot zurwes. These tiguresz, to-
wever , demonstrate that for most materirals and for suirtable

aptical conditions both radii are of comparable zize. if
this 18 true 'which 15 fortunately not the case wuith the
Righ Suren o stesl thers s presently oniy one wa, o get
reliable results: a3 calibration curve where the zhadouw =zpot
dirameter 1s related toc the mechanicall, determined =streszs
intensity factor has to be established 1n =tatic experi-

ments,
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4l Dependernce of the
the distance =

z1ze ' of & =zhadow patterr on
Zo between specimen
rence plane for a given
to specimen sutace) of 3.8 m and for the three
problems a, b, and ¢ of Fig. 33
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Shadow patterns of Rayleigh wave disturbances pho-
tagraphed at dirferent diztancez z ‘trom the zpe-

cimen

Flag. 41

» ti1ps and Rayleigh wawve
disturbarces photographed at differrent distances
z from the zpecimen

Fig. 42 Shadow patterns of crack

“~
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strength and ztress intensity factor k

150

«
a
=
x 58 +
a +
1 1 ! 1 1
v L 1 L] 1
0 2 4 G 8
ro, mm
Fig. 44 Relationship between radius ro of the i1nitial
curwve, distance zo of reference plane from speci-

>

men, and stress intensity factor K for the speci-
fic optical arrangement of Figq. 39




&. APPEMNMDI«

THE SHADOW OPTICAL NMETHOD OF LAusT  C2
The metnod of caustic= 1= an optical tocol for measuring
stress concentrations. | was introducec by Manogg (6] 1n
1964 and has beer dewelopea further later orn by Theocar:s
et al. (7, 81, Rosaki1s (%), and Falthotf =t al. (10, 11).

4

The physical principal of the shadow optical method of cau-
stics 15 1llustrated 1n Fi1g. rnl. B zracksd specimen zubjlec-
ted to mode | tensile loading 13 :lluminated from the left
1de by a parallel light beam. The zpecimen .3 made ftrom a3
transparent materi1al. H crosz section through the specimen
near the crack tip 13 zhown on the right =i1de of the figu-
re. Due to the stress concerntration at the crack ti1p the
physical cordit:i:ons zre changed: The thicknezs ot the zpe-
cimer arnd the refractive index or the materi1al are reduced.
onsequent |y, the area surrgunding the cract <1p bebaves n
& manner similar as a divergent lens deflecting light rays
outwards. However. in thiz case Light deflection 15 the
larger the nearer to the craclk fi1p the light beam traverses
the =pecimen. Cotsegquentiy, on a screen a- 3 distance -
benhind the specimen a shadow pattern 13 obserwved which 1
surrcunded oy oa braight light concentrztion area, the tocal
C te

w

o o

line or causti The =1ze o- the szhadow pat recorE o qQuAar-
titative measur arothe =tresz inteasit racoot : St the
crack tip.

Zhedow patterns cannmet only w2 obserced n o rea. image  pla-
nes which 13 1n cbserwvation cairecticrn betore the spec imen,
as 1% 1llustrated 1n r1g. wl. ®mlzo 1rtusl zhadow paiterns
1n wirtuai image plarnes 'befind the specimen: carn  be made
w1sible and recorded 1t a lens 13 Lsed tor tranzrormatian

into the real space. Thi: can be dore bw the lens ofr a ca-
mera. In analcocgy to the considered (ranimlssichn arrangemen:
shadow patterns can a3lso be observen with rnon-transparent
materials 1n retflection «the zpecimern >3urtace has to De &
mirrar). In these cases the ii1ght bear deflection 135 caused
by deformations on the specimen surtace onl,. Ir retisction
the obserwation directior 13 rewerse with regarc to the
transmission arrangement, but similar to the transmlss1on
case real or wvirtuali shadow patternz can be observed 1n ob-
zervation direction befare respecty1vel, behind the =spe-
cimen. Furthermore, analogousz to the tensile mode | ioading
case considered 1n Fi1g. Al zhadow patterrz can alszc be ob-
served for compressive maode | loading conditions and  under
shear mode 11 loadirng conagitions.

0

Calculated caustics and laight intensity distributions  of
wariouzs shadow patterns are zhown in Fig. A2, These can be
observed in real amd virtual 1mage planes with cracks under
positive and negative mode [ or mode Il loading conditions
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in tran.mission or in retlectian recording arrangemen-s. In
principal, any kind 2f caustic obserwved under any cocbserua-
ti1on mode can be used for Qgquantitative determiration of
stress intensity factors., For the mode [ lnadirg case, fowu-
eaver, 1t is appropriate choosing a recording arrangement
that leads to a caustic af the torm Lal) since shadow spots
can be evaluated more accurately than the light concentra-
tion configuration (b, With the characteristic length pa-
rameters U detined 1n Fi1g. A2 the stress intensity factors
Ky and K, are determined by the relations

1 2Y¥2m 512

K = D (631
' m>? 3(3.17%2z,cd

1 2V2r

FuT ar 5k D*" Al
m*? 3(3.02°%z,cd,,,
il th
By. ¥y = =ztress 1ntensity tactors tor mode . maode 1]
loading condition, respectivly
0 = diameter of tre csustic zee Fi1g. wl»
o = distance between tne shadow optical image plare
and the =specimen (zo, ~ 0 tor real 1mage planesz,
Zo » ¥ Yor wartual image planes
o = =zhadow cptical constant
= - 0.97+109 1.Pa for Araldite B 1m transmission
= - 1.08=10" 1.Ps for PHMA 1N tranzmizsicn
= 2v-E ftor all materayals 1n reflection
Dot = effective =zpecimen thickness
= d for transparent specimens 1N transmiszion
= d-2 for opaque specimens in reflection
d = physical thickness of the specimen.
m = 12 - 2)72, scaling factor; m = 1 tor parallel
light fsee Fig. 42)
For superimposed mode 1 - mode 1! loading conditions mixed

mode caustics are obtained which allow a determination of
both stress 1ntensity factors, K| and Ky

For the practical application of the caustic technique the
caustic curwves and the light intensity distributions shown

——————— — -
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in Fig. A2 as well as the tre eqs. (KRl and tR7J hawve to be
modifired: With optically anisotropic materi1als like Araldi-
te B, for example, the single caustic curwe considered <o
far splits up 1nto a double caustic, and with non-parallel
light beams which are used 1n moust practical applications
additional scaling ftactors, m, are necessary 1n eQs. (¢3l
and (A2)., A rewview on the zhadow optical method of caustics
and 1ts applications 13 given 1n [4al.

Shadow optical pictures for transient problems are recorded
with a Cranz-5Schardin 24 spark high speed camera with a mi-
nimum picture 1nterval time of 1 pe. The camera 13 fraigae-
red b,y a laser beam which 13 1nterrupted by the projectile

betore 1t hits the =pecimen.
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